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Abstract 

Over the past two deeades, meson photo- and eleetroproduction data of unpreeedented quality and 
quantity have been measured at eleetromagnetie faeilities worldwide. By eontrast, the meson-beam 
data for the same hadronic final states are mostly outdated and largely of poor quality, or even non¬ 
existent, and thus provide inadequate input to help interpret, analyze, and exploit the full potential 
of the new eleetromagnetie data. To reap the full benefit of the high-preeision eleetromagnetie 
data, new high-statisties data from measurements with meson beams, with good angle and energy 
coverage for a wide range of reaetions, are critieally needed to advanee our knowledge in baryon 
and meson speetroscopy and other related areas of hadron physios. To address this situation, a state- 
of-the-art meson-beam faoility needs to be construoted. The present paper summarizes unresolved 
issues in hadron physies and outlines the vast opportunities and advanees that only become possible 
with such a facility. 

PACS numbers: 13.75.Gx, 13.75.Jz, 14.20.Gk, 14.20.Jn, 14.40.Be, 14.40.Df, 14.40.Rt 


1 Introduction 


Great strides have been made over the last two deeades to inerease our knowledge of baryon spec- 
trosoopy with the help of meson photo- and eleetroproduetion data of unpreeedented quality and 
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quantity coming out of major electromagnetic (EM) facilities sueh as JLab, MAMI, ELSA, Spring- 
8, BEPC, and others. These advances in our understanding have benefited greatly from modem 
energy-dependent eoupled-ehannel analysis methods that incorporate simultaneous treatments of 
the primary hadronic final states of the eleetromagnetie proeesses under eonsideration. It should 
be elear, however, that the effeet of the final-state interaetions coming out of such analyses is eriti- 
eally dependent on the quality of the underlying hadronie data. Regrettably, the meson-beam data 
for these final states are mostly outdated and largely of poor quality, or even non-existent, and 
thus limit us in fully exploiting the full potential of the new eleetromagnetie data. To reap their 
full benefit, new high-statisties data from measurements with mesons beams are critically needed 
to complement the existing wealth of electromagnetic data and make both electromagnetic and 
hadronic data sets of eommensurate quality and quantity. 

The eenter-of-mass energy range up to 2.5 GeV is rieh in opportunities for physies with pion and 
kaon beams to study baryon and meson speetroscopy questions complementary to the electromag- 
netie programs underway at eleetromagnetie facilities. This White Paper highlights some of these 
opportunities and describes how faeilities with high-energy and high-intensity meson beams ean 
contribute to a full understanding of the high-quality data now eoming from eleetromagnetie fa¬ 
cilities. We emphasize that what we advoeate here is not a competing effort, but an experimental 
program that provides the hadronie eomplement of the ongoing eleetromagnetie program, to fur¬ 
nish the eommon ground for better and more reliable phenomenologieal and theoretieal analyses 
based on high-quality data. 

On April 7, 2012, a workshop on Physics with Secondary Hadron Beams in the 21st Century 
was held at Ashburn, VA [1]. The workshop aimed to bring together experts in speetroscopy and 
neutron physies to diseuss how advanees in these two areas will benefit the proposed electron-ion 
collider at JLab. An eleetron-ion eollider (EIC) will likely be one of the future large aceelerator 
faeilities for high-energy and nuelear physies [2]. There are eurrently five proposals under aetive 
development worldwide, ineluding eRHIC at BNL and MEIC at JLab. The ereation of a state-of- 
the-art hadron physies eomplex to study QCD at the deepest level with an EIC provides the unique 
infrastrueture for a meson-beam faeility to complete our pieture of the hadron spectrum of QCD at 
the same time. A number of the topics mentioned in this White Paper are addressed in the summary 
of the reeent DNP Town Meeting on QCD and Hadron Physics [3], which notes (on page 28) that 
meson beams are being considered. 


2 Opportunities with Pion Beams 

Most of our current knowledge about the bound states of three light quarks has come from partial- 
wave analyses (PWAs) of tiN —)■ ttN scattering [4-11]. Measurements of ttN elastie scattering 
are mandatory for determining absolute ttN branehing ratios. Without such information, it is 
likewise impossible to determine absolute branehing ratios for other deeay ehannels. A summary 
of resonanee properties [pole positions (masses and widths), branehing ratios, helieity eouplings 
to yN, ete.] is provided in the Review of Particle Physics (RPP) [12]. 

The information on resonance properties obtained from analyses of experimental data provides 
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fundamental information about QCD in the nonperturbative region. A variety of quark mod¬ 
els [13-32] have been used to interpret these results. Dyson-Sehwinger approaehes provide a pie- 
ture of baryons in terms of quarks and gluons, ineorporating dynamieal ehiral symmetry [33-35]. 
Results from lattiee gauge theory ealeulations are eonstantly improving [36-38] and are therefore 
beeoming more relevant to experiment. 

A eomparison of the experimental results and models led to the well-known eonundrum known as 
the “missing resonanees” problem [39]. Put simply, the models (and lattiee-gauge ealeulations) 
prediet far more states than are observed experimentally. (These missing resonanees, however, 
do not appear at all in the quark-diquark model. See, for example. Refs. [40,41].) The reason 
for this, it is eonjeetured, is their weak eoupling to the ttN ehannel, whieh supplies the bulk 
of our information about baryonie resonanee states. A desire to test this hypothesis by looking 
for resonanees in reaetions that do not involve ttN in either the initial or final state was a major 
reason behind the eonstruetion of Hall B and the CLAS faeility at JLab. This is part of a global 
speetroseopy effort also pursued at MAMI (Mainz, Germany), ELSA (Bonn, Germany), SPring-8 
(Japan), and other faeilities. 

This joint global effort has boosted the field of baryon speetroseopy through data of unpreeedented 
aeeuraey. The diseoveries made in the photoproduetion program have triggered mueh theoreti- 
eal interest probing hypotheses of resonanee nature ineluding, e.g., multiquark states, hadronie 
moleeules, erypto-exoties, hybrid baryons, ehiral symmetry restoration in the resonanee speetrum, 
and string models of resonanees (AdS/QCD). In r] photoproduetion on the neutron, a mueh-debated 
narrow strueture at eenter-of-mass energy kE~1.65 GeV was diseovered. New photoproduetion 
data are eonstantly being measured, in partieular double-polarization observables that will pave the 
way to “eomplete experiments”. 

The photo- and eleetroproduetion programs have advaneed our understanding of the resonanee 
region. Beeause the data from these programs have reaehed unpreeedented levels of preeision, it is 
timely to review the analysis teehniques used to extraet partial waves, multipoles, and, ultimately, 
resonanees. Modem teehniques inelude pion-indueed data in global eoupled-ehannel approaehes 
to seareh for even the faintest resonanee signals. Coupled-ehannel energy-dependent analyses have 
proven to be the most effieient tools to seareh for resonanees. On one hand, this is beeause N* and 
A* resonanees are broad and overlapping. On the other hand, resonanees manifest themselves as 
poles in the eomplex plane of the seattering energy, where positions are the same irrespeetive of the 
analyzed reaetion. Also, energy-dependent methods are required to provide an amplitude that ean 
be analytieally eontinued into the eomplex plane to extraet the mathematieally well-defined pole 
positions and residues that eorrespond to resonanee masses, widths, and branehing ratios [12]. 
Residues also eontain a phase that gives information about the deeay properties of a resonanee [4], 
even for the EM helieity eouplings [42-44]. 

It is for these reasons that all major eurrent analysis efforts use energy-dependent eoupled-ehannel 
sehemes. Some of these efforts are briefly diseussed in See. 2.1. As alluded to in the Introduetion, 
to deseribe the hadronie final-state interaetions of the photon-indueed reaetions, eoupled-ehannel 
analysis sehemes eritieally depend on data from pion-indueed reaetions. The latter data sets, un¬ 
fortunately, are frequently of inferior quality and thus do not provide eonstraints eommensurate 
with the quality of the reeent photo- and eleetroproduetion data. Undoubtedly, the interpretation 
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of electromagnetic experiments would benefit greatly from having improved pion-induced data at 
our disposal. This need provides the major motivation for this White Paper. 

The world data on vriV rjN, KA, KT, were collected in Ref. [45] and date back to more than 
20 or 30 years ago. In many cases, systematic uncertainties were not reported (separately from 
statistical uncertainties), and in many cases it is known that systematic uncertainties were under¬ 
estimated [46]. These problems of pion-induced reaction data have led to the emergence of many 
different analyses that claim a different resonance content. While many analyses agree on the 4- 
star resonances that are visible in elastic ttN scattering [11], there is no conclusive agreement on 
resonances that couple only weakly to the ttN channel, starting with the iV(1710)l/2+ and end¬ 
ing with resonances found by the Bonn-Gatchina group in KA photoproduction [47,48] but not 
confirmed so far. In Sec. 2.2, the status of pion- and photon-induced reaction data is reviewed. 

Due to the problematic data situation, it is also difficult to determine rigorously the statistical sig¬ 
nificance of resonance signals. The final goal in baryon spectroscopy is not only the determination 
of the baryonic resonance content, but also its statistical significance, including statistically mean¬ 
ingful uncertainties for pole positions and residues. New measurements of pion-induced reactions 
are necessary to reach this goal. If the quality of hadronic data matched that of photoproduction 
data, much better statistically sound statements on the significance of resonance signals could be 
made. In addition, analyses of photoproduction data in modern multichannel methods [47-55] 
require comparable high-quality pion-induced data for the same final states to determine absolute 
branching ratios and partial widths. 

Missing states that couple weakly to tiN are presently searched for in jN —)■ rjN, KA, KH and 
related reactions. For the same final states, multichannel photoproduction analyses need eight 
independent observables at fixed c.m. energy W and scattering angle (or fixed t) while the pion- 
induced hadronic amplitude needs but four (where a fourth observable is necessary to remove a 
sign ambiguity [56-60]). A search for missing states in pion-induced production of rjN, KY, and 
other final states thus provides a promising and complementary source of information for baryon 
spectroscopy, without presenting any major experimental hurdles. 

Baryon spectroscopy is not a self-contained field; it needs to seek the connection to first-principle 
QCD calculations such as lattice simulations, discussed in Sec. 5.4. So far, lattice QCD calcu¬ 
lations in the baryon sector are restricted to the hadronic masses. (Electromagnetic properties of 
excited states will follow in the future as anticipated, e.g., in Ref. [61].) It is, however, the hadronic 
partial waves that will allow for comparison to QCD in the future. As discussed, the determination 
of the hadronic amplitude requires improved data from pion- and kaon-induced reactions. 

More precise pion-induced reaction data close to the ttN threshold are also called for, as discussed 
in Sec. 5.1. These are crucial for chiral perturbation theory (ChPT) and are especially important 
for the determination of the low-energy constants. The latter not only provide a consistent picture 
for hadron dynamics but also assist in making nuclear ab initio calculations. In particular, these 
constants serve as input for the nuclear lattice calculations of the Hoyle state that explain the 
generation of heavy elements [62,63]. 

In summary, better data from hadron-induced reactions will significantly contribute to answer the 
same fundamental questions that originally motivated the photoproduction program: the missing 
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resonance problem, amplitudes for comparison with ab initio calculations, and low-energy pre¬ 
cision physics. A program with hadron beams provides complementary information with large 
impact in the extraction of the amplitudes from observables. With a more precise knowledge of the 
amplitude it is expected that much-debated concepts, such as the aforementioned multiquark hy¬ 
potheses, hadronic molecules, hybrid states, chiral symmetry restoration, chiral solitons, or string 
models, can be confirmed or ruled out. 


2.1 Baryon Spectroscopy Analyses 

Several analysis groups work actively on disentangling the baryon spectrum. In dynamical cou¬ 
pled channel approaches like the ANL-Osaka (formerly EBAC), the Julich-Athens-Washington, 
and other approaches [43-45,54,64,65], one solves three-dimensional Lippmann-Schwinger-type 
scattering equations with off-shell dependence originating from their driving terms. In some 
cases [43,45,54], covariance is maintained via a covariant Blankenbecler-Sugar-type reduction 
(for covariant four-dimensional approaches, see Refs. [66,67]). 

Various approaches exist to reduce the scattering integral equations to matrix equations in coupled 
channels by utilizing on-shell approximations. Real, dispersive expression may be formulated to 
account for intermediate propagating states. Such contributions are relevant for the reliable analytic 
continuation required to search for resonance poles and residues. 

Analyses of this type are pursued in the GWU/INS (SAID) approach in the Chew-Mandelstam 
formulation [11,68], by the Bonn-Gatchina group in the N/D formulation [47,48], by the Kent 
State group [55], and by the Zagreb group [69] in the Camegie-Mellon-Berkeley (CMB) formula¬ 
tion. The Giessen group uses a if-matrix formalism [70,71] while the MAID approach employs a 
unitary isobar formalism in which the final-state interaction is taken from the SAID approach [72]. 
The GW SAID N* program consists of nN —)■ tiN, —)■ tiN, and ^*N —)■ nN [73]. Disper¬ 

sive approaches and unitary isobar analyses on meson electroproduction have been performed at 
JLab [74] where also two-pion electroproduction is analyzed [75]. 

The Bonn-Gatchina approach, formulated with covariant amplitudes [76], performs combined 
analyses of all known data on single and double-meson photon- and pion-induced reactions; four 
new states were reported recently [47]. In the Bonn-Gatchina approach, multi-body final states 
are analyzed in an event-by-event maximum-likelihood method that takes fully into account all 
correlations in the multidimensional phase space. 

The Giessen group recently included an analysis of titiN data in the form of invariant-mass pro¬ 
jections [77], similar to the previous work of the EBAC [78] group while the Kent State group 
uses isobar-model amplitudes from an event-based maximum-likelihood analysis [79]. In addi¬ 
tion to their energy-dependent solutions, the Kent State group recently published single-energy 
solutions to tiN scattering [80] and KN scattering [81]. Single-energy solutions (SES) provide a 
more model-independent representation of the amplitude. While less suited to search for the broad 
resonances, SES provide the possibility to search for additional structures in the amplitude not 
captured by energy-dependent methods. Reference [80] gives an overview of the world database 
for TT~p —rjn and 'K~p K^A and Ref. [81] gives an overview of the world database for 
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KN KN, KN ttA, and KN vrS. 


In the GWU/INS (SAID) approach, the interaction is parametrized without the need of explicit 
resonance propagators [68]. Resonance poles are generated only if required by data, which makes 
this framework particularly model independent for baryon spectroscopy. Also, currently only the 
SAID group provides partial waves directly from ttN elastic scattering data. These waves are 
widely used as input by other groups in the analyses of deep inelastic scattering (DIS), neutrino 
production, and other reactions. The SAID output is applicable for both low-energy studies (spec¬ 
troscopy) and high-energy research as well. For instance, the theoretical interpretation of DIS ex¬ 
perimental results for target fragmentation, as well as for many other strong interaction processes, 
may be considered either in quark-gluon terms of QCD [82-84] or in hadronic terms. (It might be 
very interesting to investigate their interconnections.) The hadronic description require a detailed 
knowledge of the nucleon-nucleon and meson-nucleon interactions at lower energies; e.g., one can 
consider extraction of the pion structure function at small Bjorken x for the process of leading 
neutrino production in DIS (see Ref. [85,86]). Existing data from the HI and ZEUS experiments 
at HERA are in good agreement with the predictions using the SAID ttN amplitudes [11] as input. 


2.2 Status of Data and Analyses for Specific Reactions 

Measurements of final states involving a single pseudoscalar meson and a spin-1/2 baryon are 
particularly important. The reactions involving ttN channels include: 

-yp —)■ 7i^p, 7i~p —)■ 7r°n, 

7P n^n, 'K~p —)■ TT~p, 

-yn 'K~p, n^p —)■ vr+p, 

7n —)■ TT^n. 

The databases for these reactions are larger than for any of the other reactions discussed here. 
Eigures 1, 2, and 3 summarize the available data below center-of-mass energy W = 2.5 GeV 
for TT+p —)■ TT+p, 7r“p —7r“p, and 7r“p —)■ 7r°n, respectively. The ttN elastic scattering data [11] 
allowed the establishment of the 4-star resonances [12]. Still, many of the data were taken long ago 
and suffer from systematic uncertainties. In addition, available data for tiN elastic scattering are 
incomplete. As Eigs. 1 and 2 show, very few measurements of the A and R polarization observables 
are available for 7r“p —)■ 7r“p and vr+p —)■ vr+p and then only for a few energies and angles. 
Similarly, as Eig. 3 indicates, there are no A and R data available at all for 7r“p —)■ 7r°n (and very 
few P data). Measurements of these observables are needed to construct truly unbiased partial- 
wave amplitudes. The dramatic improvement in statistics made possible in modern experimental 
physics (EPECUR) is demonstrated (for medium energies) in Eig. 4. The black data represent 
the current pion-nucleon database [87], often with conflicting measurements. The new EPECUR 
data [88] are shown in blue. A similar improvement of the data for low energies is called for. The 
importance of elastic tiN scattering for theory is discussed in Sec. 5.1. 

Eigures 5 and 6 summarize the available data below W = 2.5 GeV for single pion photoproduc¬ 
tion on the proton and neutron, respectively. Many high-precision data for these reactions have 
been measured recently. Their analysis allows a determination of accurate multipoles, which in 
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turn provide information about electromagnetic baryon resonance properties. However, for the 
spectroscopy of missing states that couple only weakly to the vriV channel, these reactions are not 
ideally suited. Of course, any reaction that can be studied using real photon beams can also be 
studied using virtual photons via electron scattering experiments; however, the analysis and in¬ 
terpretation of data from electron scattering is more complicated than that from photoproduction 
experiments because meson electroproduction involves six helicity amplitudes versus only four for 
photoproduction. 
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Figure 1: (Color on-line) Data available for vr+p 7 r+p as a function of center-of- 
mass energy W [87]. The number of data points (dp) is given in the upper righthand 
side of each subplot. Row 1: The first subplot (blue) shows the total amount of data 
available for all observables, the second plot (red) shows the amount of differential 
cross-section {da / dQ) data available, the third plot (green) shows the amount of po¬ 
larization data available. Row 2: The first subplot (blue) shows the total amount of P 
observables data available, the second plot (red) shows the amount of R spin observ¬ 
able data available, the third plot (green) shows the amount of A spin observable data 
available. 

Reactions that involve the rjN and KA channels are notable because they have pure isospin-1/2 
contributions: 

7P -A rjp, 
yn -A rjn, 

AP -A K^A, 

An -A K^A. 

Figure 7 summarizes the available data below W = 2.5 GeV for Tr~p -A pn. The photoproduc¬ 
tion reactions are especially significant because they provide an opportunity to search for “missing 
resonances” in reactions that do not involve the ttN channel. More generally, analyses of photo¬ 
production combined with pion-induced reactions permit separating the EM and hadronic vertices. 
It is only by combining information from analyses of both ttN elastic scattering and yiV -A ttN 
that make it possible to determine the ^ 41/2 and A 3/2 helicity couplings for N* resonances. 


TT p — pn, 
Tl~p — K^A, 
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Figure 2: (Color on-line) Data available for 7r~p tt~p as a function of center-of- 
mass energy W [87]. The number of data points (dp) is given in the upper righthand 
side of each subplot. Row 1: The first subplot (blue) shows the total amount of data 
available for all observables, the second plot (red) shows the amount of differential 
cross-section {da / dQ) data available, the third plot (green) shows the amount of po¬ 
larization data available. Row 2: The first subplot (blue) shows the total amount of P 
observables data available, the second plot (red) shows the amount of R spin observ¬ 
able data available, the third plot (green) shows the amount of A spin observable data 
available. 
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Figure 3: (Color on-line) Data available for 7r~p — > vr^n as a function of center-of- 
mass energy W [87]. The number of data points (dp) is given in the upper righthand 
side of each subplot. The first subplot (blue) shows the total amount of data available 
for all observables, the second plot (red) shows the amount of differential cross-section 
(da/dQ) data available, the third plot (blue) shows the amount of polarization data 
available. 
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Figure 4: (Color on-line) Differential cross sections for selected angles in the center- 
of-mass frame for 7r“p (top panel) and vr+p (bottom panel) elastic scattering. New 
EPECUR data (statistical uncertainties only) are plotted as filled blue circles [88] with 
previous measurements [87] (statistical uncertainties only) presented as open black 
circles. The data from earlier experiments are within bins of AOcm = il°- An 
existing GWU INS DAC fit, WI08 [11] is plotted with a red double solid curve while 
the older KH80 [4], KA84 [89], and CMB [6] fits are plotted as blue dash-dotted, green 
short dashed, and black dashed curves, respectively. 
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Figure 5: (Color on-line) Data available for single pion photoproduction off the pro¬ 
ton as a function of center-of-mass energy W [87]. The number of data points (dp) 
is given in the upper righthand side of each subplot. Row 1: The first subplot (blue) 
shows the total amount of jp —> 7r^p data available for all observables, the second plot 
(red) shows the amount of differential cross-section (da /dD) data available, the third 
plot (green) shows the amount of P observables data available. Row 2: The first sub¬ 
plot (blue) shows the total amount of 7 p —> vr+n data available for all observables, the 
second plot (red) shows the amount of differential cross-section (da/dO.) data avail¬ 
able, the third plot (green) shows the amount of P observables data available. 


10 












































































































































































































































Data (All) Data (All) Data (All) 




W (MeV) 


W (MeV) 



W (MeV) 



W (MeV) 


W (MeV) 


W (MeV) 


Figure 6 : (Color on-line) Data available for single pion photoproduction off the neu¬ 
tron as a function of center-of-mass energy W [87]. The number of data points (dp) 
is given in the upper righthand side of each subplot. Row 1: The first subplot (blue) 
shows the total amount of jn —> 'K~p data available for all observables, the second plot 
(red) shows the amount of differential cross-section (da / dD) data available, the third 
plot (green) shows the amount of P observables data available. Row 2: The first sub¬ 
plot (blue) shows the total amount of 'yn —>■ vr'^n data available for all observables, the 
second plot (red) shows the amount of differential cross-section (da/dO.) data avail¬ 
able, the third plot (green) shows the amount of P observables data available. 
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Figure 7: (Color on-line) Data available for 7r~p —)• 7771 as a function of center-of- 
mass energy W [87]. The number of data points (dp) is given in the upper righthand 
side of each subplot. The first subplot (blue) shows the total amount of data available 
for all observables, the second plot (red) shows the amount of differential cross-section 
(dcr/dfl) data available, the third plot (blue) shows the amount of polarization data 
available. 
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The reaction 'yp —)■ pp is one of the key reactions for which colleagues in the EM community hope 
to do a “complete measurement”. Any coupled-channel analysis of those measurements will need 
precise data for 'K~p —)■ pn. Most of the available data for that reaction come from measurements 
published in the 1970s, which have been evaluated by several groups as being unreliable above 
W = 1620 MeV. Precise new data for 'K~p —)■ pn were measured more recently by the Crystal Ball 
Collaboration [90], but these extend only up to the peak of the first Sn resonance at 1535 MeV. 
As Fig. 7 shows, very few polarization data exist for these reactions. In Ref. [91] the imbalance 
of photon- vs. pion-induced p production data is pointed out and a call for improved data on 
'K~p —)■ pn, possibly from a HADES upgrade, is made. 

Recently, the Giessen group concluded that “further progress in understanding of the r^-meson pro¬ 
duction would be hardly possible without new measurements of the nN —)■ pN reaction” [71]. 
This task relates to the one-star A^(1685) state that was recently added to the RPP Baryon Eist- 
ings [12]. In 2007, a narrow structure at kE ~ 1680 MeV was reported in GRAAE measurements 
for quasi-free p photoproduction on neutrons bound in a deuterium target [92]. A narrow structure 
at this energy was also observed in inclusive measurements, <7(7, p)pn, performed at the ENS (now 
EEPH) at Tohoku University [93], and in quasi-free measurements of p photoproduction on the 
neutron at Bonn [94,95] and at MAMI [96,97]. A narrow peak atW^ 1685 MeV has also been 
observed in GRAAE measurements of quasi-free Compton scattering on the neutron [98]. This 
peak is not observed in pp pp, and a good deal of speculation and controversy has arisen con¬ 
cerning its interpretation. This state is unusually narrow for the non-strange sector, T < 30 MeV. If 
it does exist, the understanding of its nature is an attractive task for future measurements involving 
p production. New experiments and analyses are in progress. The elementary reaction 7i~p —)■ pn 
could serve as a new detection channel for the structure at IE ~ 1685 MeV using the same pn final 
state in which the structure appears in photoproduction experiments on the neutron. Measurements 
of 7i~p pn, however, would not be plagued by the problems associated with measurements on 
deuterium or ^He targets. The HADES collaboration will measure pion-induced reactions (Sec. 6 ) 
but not yet the pn final state. A new J-PARC measurement will determine only the 7r~p —)■ pn 
differential cross section. Clearly, to provide conclusive answers to the puzzle tied to the struc¬ 
ture at IE 1685 MeV, one needs a dedicated experiment with hadron beams and polarization 
measurements such as the proposed EIC facility at JEab could provide. 

There are extensive data for pp -P K^A but almost no data for the reaction pn —)■ K^A measured 
on the deuteron. Consequently, resonances with strong coupling to KA, weak coupling to pp but 
strong coupling to pn have been inaccessible in photoproduction to date. A possible candidate 
is the narrow structure at IE ~ 1.65 GeV discovered in p photoproduction on the neutron (see 
previous discussion). That structure - of unknown nature, and not necessarily a resonance - is 
situated above the KA threshold; it has a known strong coupling to pn, and it could be visible in 
TT~p —)■ 76°A. However, just around the energy of IE ~ 1.65 GeV the data in that reaction are 
plagued by systematic uncertainties and conflicting measurements (see, e.g.. Fig. 19 in Ref. [45]). 

Another reason to study the reaction Ti~p —)■ 76°A is given by the resonances from KA photopro¬ 
duction claimed by the Bonn-Gatchina group [47,48] and others [99]. Because these states have 
a large branching ratio into KA, pion-induced 76°A production provides an entirely independent 
reaction to confirm these states. So far, the data are not of sufficient quality to do so. These new 
states have only weak branching fractions into the tiN channel, as they are less visible in elastic 
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-kN scattering. One can, thus, expect a signal of moderate strength for the reaetion tt p —)■ 
and more precise data are ealled for. 

A striking example of why improved data for pion-induced kaon produetion are necessary is given 
by the iV(1710) 1 /2+. Its properties and even its existenee have been debated intensively over time 
and seem to be intimately intertwined with the reaetion Ti~p K^A, as argued in the overview 
given in Ref. [100]. Similar arguments apply to the iV(1900)3/2''' as outlined in that referenee. 
The latter resonanee was also found in kaon photoproduetion [99], whieh makes its study in the 
reaetion 7r“p —)■ K^A espeeially promising. 

More preeise data for the reaetion Tr~p —)■ K^A (in eombination with K~p —)■ would also 

enable the study of SU(3) flavor symmetry and its breaking. In Ref. [101] SU(3) flavor symmetry 
relations could be eonfirmed to surprising accuracy by comparing the reaetions 7r~p —)■ pn and 
K~p —)■ pA. Along similar lines, the simultaneous study of both reaetions 'K~p —)■ K^A and 
K~p —)■ K^'EP (for whieh the data situation is mueh less known elose to threshold) would allow 
for another test of SU(3) flavor symmetry. 

Another group of related reaetions involve the KT, ehannel: 

7P ^ iT+S^, TT-p 

pp -P TT-p iT+S-, 

pn —)■ 7i~^p —)■ 

pn -P 

Exeept for vr+p —)■ these reaetions involve a mixture of isospin 1/2 and 3/2. Although 

there have been a number of reeent high-quality measurements involving KTj photoproduetion, the 
status of eomplementary reaetions measured with pion beams is rather dismal. There are generally 
fewer available data for tt~p reaetions with KTj, p'N, ujN, and final states than for tt~p ^ pn. 

To demonstrate reeent experimental progress. Fig. 8 shows new measurements of the pure isospin 
1 = 3/2 final state by the E19 Collaboration at J-PARC, eompared to the best available 

older data. Note the error bars that are up to one order of magnitude more preeise than in the 
previously available data. Also, angular eoverage is signifieantly improved. 




Figure 8: Differential eross seetion of the reaetion vr+p —)■ at piab = 

1.37 GeV/c from a reeent J-PARC experiment [102], eompared to the only 
available older data [103]. 
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Measurements like this, over a more eomprehensive energy range, will greatly improve PWAs of 
the It'S final state and, in return, help to extraet the S'-wave eontribution needed, e.g., in approaehes 
based on unitarized ehiral perturbation theory (UChPT) (see See. 5.2). 


Regarding the KT, final state, the anomaly in KT, photoproduetion reeently diseovered at ELSA 
deserves attention [104]. A surprisingly sudden drop in the photoproduetion eross seetion, 

in eombination with a sudden ehange in the differential eross seetion was observed, with a UChPT 
explanation formulated in Ref. [105] that is tied to a resonanee at PU = 2.03 GeV, whieh should 
also be visible in ttN —)■ KT.. Better measurements of pion-indueed reaetions are needed to shed 
light on the issue. In partieular, the Ti~p reaetion is of utmost interest in this respeet. 

No meson f-ehannel exehanges are possible for this reaetion, whieh is partieularly sensitive to 
M-ehannel exehanges. This reaetion, in eonjunetion with the data situation, is diseussed in depth 
in Ref. [45]. Speeifieally, the model of Ref. [45] eannot deseribe the total eross seetion around 
W = 2 GeV, whieh might be a sign of new resonanees. 


From the self-analyzing property of hyperons, it is expeeted that the reeoil polarization F ean also 
be measured with a greatly improved aeeuraey in future J-PARC experiments. The measurement 
of differential eross seetions and reeoil polarizations ean be obtained at J-PARC with relatively 
modest investments; yet, the return is large and we make an explieit appeal to pursue this line of 
experimental aetivity. 


In summary, the family of reaetions ttN —>■ K^A, and provides eomplemen- 

tary and, in some eases even exelusive, information eompared to photoproduetion. Data with larger 
angular eoverage, smaller systematie uneertainties, and finer energy binning are needed to eonfirm 
reeently diseovered resonanees, to diseover new resonanees inaeeessible in photoproduetion, and 
to test theoretieal multiehannel eoneepts. 


Other important reaetions that ean be studied are those with 
amenable to measurements inelude: 


7P —)■ ir^TT^p, 
7P —?■ TT^^TT+n, 
7P —?■ 'K^'K~p, 
7n TT^TT^n, 

7n 7r^7r~p, 

'jn —?■ 7r’'‘7r“n. 


7l~P —)■ TT^TT^n, 
7l~p —)■ 7r^7i~p, 
Tl~P —)■ TT^TT~n, 
TT^P —)■ Vr'^TT+p, 
TT+p —)■ TT+VT+n, 


■miN final states. The main reaetions 


The analysis and interpretation of data from these reaetions is more eomplieated beeause they 
involve three-body final states. However, -kN —)■ ti-kN reaetions have the lowest energy threshold 
of any inelastie hadronie ehannel and some of the largest eross seetions. For most established 
N* and A* resonanees, the dominant inelastie deeays are to titiN final states. Our main souree 
of knowledge about nN —)■ titiN eomes from a 30-year-old study of 241,214 bubble-ehamber 
events that were analyzed in an isobar-model PWA at eenter-of-mass energies from W= 1320 to 
1930 MeV [79]. For these reasons, one needs high-quality, high-statisties data for nN titiN 
that ean be analyzed together with eomplementary data for 7 A —)■ titiN ehannels. 


Another reaetion of interest is the photoproduetion of veetor mesons, sueh as the u meson. The 
few data now available for 7r“p um lead to ambiguous solutions in PWAs of ttN ujN [106] 
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and are almost worthless in eonstraining PWAs of u photoproduetion. The uN threshold region 
is also espeeially attraetive in searehing for new resonanees beeause the reaetion threshold is lo- 
eated at the higher-energy edge of the third resonanee region, in whieh the RPP [12] shows seven 
N* states with masses between 1650 MeV and 1720 MeV. The next N* state in the RPP is the 
two-star 7V(1860)5/2+. It eannot be exeluded that this energy range may eontain unknown N* 
resonanees that eouple more strongly to ujN than to other meson-baryon ehannels. Sueh an ad¬ 
vantage of the threshold region does not exist, for example, for the two most dominant ehannels, 
tiN and rjN, whieh are strongly eoupled to their near-threshold resonanees, A(1232)3/2+ and 
A(1535)l/2“ [107], respeetively, in the first and seeond resonanee regions where new resonanees 
are not expeeted. 

Signs for resonanees with low star rating have reeently been found in rj'N produetion [108,109]. 
More preeise data for the pion-indueed reaetion 7r~p —)■ rj'n are ealled for to eonfirm the existenee 
of these states. 

In (j) photoproduetion, a broad but pronouneed strueture for = 1.8-2.3 GeV was found [110]. 
This strueture eould eome from a resonant state. In that ease, it should also be visible in pion- 
indueed (j) produetion, for whieh only very few data exist (see Ref. [Ill] for a data eompilation). 
More preeise data from pion beams would help elarify the situation. 

Information on exeited baryons is also eontained in high-energy experiments sueh as COMPASS. 
Invariant-mass speetra for the baryon resonanee regions are available with unpreeedented preei- 
sion from the eorresponding kinematieal regions of the final states. The prineipal problem is that 
these reaetions are not elementary; i.e., there are one or more additional high-energy partieles in 
the final state. The Deek and related effeets induee additional eontributions that have to be dis¬ 
entangled and additional modeling must be done to eontrol these effeets (see, e.g.. Ref. [112]). 
Given the high statisties, the analysis of exeited baryons in invariant-mass speetra of high-energy 
experiments is thus a very worthwhile but ehallenging projeet. Elementary pion-indueed reaetions 
as proposed here, for whieh the eenter-of-mass energy is in the resonanee region, do not suffer 
from the aforementioned problems. 

In summary, having high-quality data (ineluding polarized measurements) with both pion and pho¬ 
ton beams has the potential to advanee greatly our knowledge of baryon resonanees and sueh data 
eould potentially establish a number of new states to fill some of the gaps of “missing resonanees”. 


2.3 Form-Factor Measurements 

Inverse pion eleetroproduetion (IPE), tt~p e'^e~n, plays a speeial role in resonanee physies. 
IPE is the only proeess that allows the determination of EM nueleon and pion form-faetors in the 
intervals 0 < < 4M^ and 0 < < 4m^, whieh are kinematieally unattainable from the e+e” 

initial state. Here M and m-,, denote the nueleon and pion mass, respeetively. IPE measurements 
will signifieantly eomplement eleetroproduetion 7* A —)■ nN studies for the evolution of baryon 
properties with inereasing momentum transfer by investigation of the ease for the time-like virtual 
photon. 

Diffieulties in the experimental study of IPE arise from the need for a reliable rejeetion of eompet- 
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itive processes: 

(i) The eross seetion of 'K~p —)■ 7r~p is da/dVt ~ 10“^^ em^/sr and is eoneentrated in the forward 
direetion. Therefore, the e~ and e"*" of IPE ean be eonveniently detected at ~90° with respect to 
the TT~ beam, where the elastically scattered hadrons are strongly reduced. 

(ii) The eross seetion for 7r+ produetion, i.e., tt~p —)■ n~n~^n is about 1000 times greater than that 
of IPE. The eorresponding pions at 90° are very soft and ean be suppressed strongly by threshold 
Cherenkov counters. 

(iii) Reaetions with a gamma ray eonverted into a Dalitz pair eontribute a rather unpleasant baek- 
ground. The most important proeesses are tt~p —>■ 7r°n and 'K~p —)• ■yn, whieh eontribute ~60% 
and 40% of the eounting rate due to eapture in hydrogen of n~ at rest against 0.7% from IPE. 

The presenee of an eleetron beam at the proposed EIC faeility permits a unique opportunity to 
measure the pion EM form faetor direetly using an eleetron-pion eollider. This is useful beeause 
the pion form faetor serves as a paradigm for nonperturbative hadronie strueture and is assoeiated 
with ehiral dynamies, gauge invarianee, and perturbative QCD in a nontrivial fashion. Current 
methods to extract the form faetor rely on extrapolation to the pion f-ehannel pole. Unfortunately, 
this proeedure is not without ambiguity and remains eontroversial to this day. 

The form faetor is espeeially relevant in light of a more reeent eontroversy eoneeming its ap- 
proaeh to the expeeted perturbative QCD behavior. This issue is of fundamental importanee sinee 
it questions the existenee of perturbative QCD for exelusive processes [113]. Unfortunately, the 
experimental situation is confused, with the BaBar and Belle Collaborations obtaining results for 
that appear to be in confliet [114,115]. 


3 Spectroscopy of Hyperon Resonances 

Our current experimental knowledge of A* and E* resonanees is far worse than our knowledge of 
N* and A* resonanees; however, within the quark model, they are no less fundamental. Clearly, 
there is a need to learn about baryon resonances in the “strange sector” to have a eomplete under¬ 
standing of three-quark bound states. 

The properties of multi-strange baryons (S* and U* states) are also poorly known. Only the 
ground states belonging to the SU(3) oetet and decuplet are well identified as four-star states in 
the RPP [12], whereas a few dozens of excited states are predieted based on quark-model calcula¬ 
tions [14,15,27,116,117]. 

Elavor adds a lever arm to study strongly interacting QCD. Eor example, one ean study the quark 
mass-dependent portion of the effective quark interaction. Specifically, the eurrent understanding 
of the spin-orbit interaetion is unclear, and even eontradictory (between mesons and baryons). 

Unlike in the cases described above, kaon beams are crueial to provide the data needed to identify 
and eharacterize the properties of hyperon resonanees. The masses and widths of the lowest A 
and S baryons were determined mainly with kaon-beam experiments in the 1970s [12]. Eirst 
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determinations of pole positions, for instanee for A(1520), were obtained only recently [118]. An 
intense kaon beam would open a window of opportunity not only to locate missing resonances but 
also to establish properties including decay channels systematically for higher excited states. 

Hyperons can be produced directly and exclusively in both the KN formation process and in 
inelastic KN reactions. Some states that couple strongly to the KN channel have been studied in 
formation experiments. (See Ref. [81] for a recent overview.) Together with missing- and invariant- 
mass reconstruction techniques, production cross sections give precise information of properties, 
for example decay widths, in an elementary process of production. In addition, missing and/or 
unknown resonances can be searched for using the missing-mass technique in KN reactions. By 
introducing strangeness with kaon beams, hyperon production in kaon-induced reactions is not OZI 
suppressed and has a significant cross section even for excited states. High-statistics measurements 
are essential to disentangle observables because the spectrum is dense and contains broad states. 

Low-momentum kaon beams provide an opportunity to search for strange exotic states. The line- 
shape of A(1405)l/2“ can be studied in K~p and K~d reactions. The if-dibaryon, which has a 
quark configuration of uuddss, will be searched for in the {K~, iT+) reaction [119]. The measured 
TrS/TTTrS branching ratio for the S(1670) produced in the reaction K~p —)■ 7r“E(1670)''’ depends 
strongly on momentum transfer, and it has been suggested that there exist two S(1670) resonances 
with the same mass and quantum numbers, one with a large ttttS branching fraction and the other 
with a large vrS branching fraction [12]. This S(1670) puzzle could be solved using future pro¬ 
duction experiments with kaon beams. The spectroscopy of S and baryons can be investigated 
with high-momentum kaon beams. The lowest excited states of cascade baryons are thought to be 
analogous to the A(1405)l/2“. 


3.1 Status of Data and Analyses for Specific Reactions 

Neutral hyperons A* and S* have been systematically studied in the following formation processes 
by several groups [81,120-126]: 

K~p —)■ K~p, K~p —)■ , 

K-p K^n, K-p 7r°S°, 

K~p —)■ vr^A, K~p —)■ 

In recent analyses of the reaction K~p —)■ tt^A, fits by different groups tend to agree for the 
differential cross section and polarization, but they largely differ for the spin rotation parameter 
fd [48,81]. Data for fd are limited to measurements at only seven energies [127]. This observable 
is more sensitive to contributions from high partial waves than the differential cross section or 
polarization. These facts show the need for new measurements with a polarized target. 

In addition, can be produced in K~n reactions with a deuteron target: 

K~n —)■ 7r“A, 

K-fi 7r°S-, 

K-n 7r-E°. 

The PWA method is powerful for disentangling overlapping states with large widths, especially 
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above 1.6 (1.7) GeV/c^ for A* (E*) resonances. 

Note that A(1405)l/2“ and E(1385)3/2+ lie below the KN threshold; therefore, properties of 
these states can be obtained only through production processes such as 

K~p —)■ 7r“E*+ . 

A f-channel process of the reaction provides a “virtual” beam, which enables us to produce 
S*+. The states A(1405)l/2“ and S(1385)3/2+ were identified in decay channels of Svr and 
Att/Stt, respectively. 

Recently, the spin and parity of A(1405) were measured in the yp —)■ A'+A(1405) reaction and 
confirmed to be 1/2“ as expected theoretically [128]. However, the nature of A(1405)l/2“ is 
still an issue. It has been pointed out that the lineshape of A(1405) depends on reaction channels 
[67,129,130]. Therefore, a comparison between pion- and kaon-induced reactions together with 
photoproduction is important. In addition, the lineshape of A(1405) differs in 7r’''E“ and 7r“E’'' 
decay channels as a result of the isospin interference between different vrE channels. The tt^E^ 
spectra were measured in 7r“p —)■ A'°A(1405) [131] and K~p —)■ 7r’''7r“A(1405) [132] reactions. 
The neutral 7r°E° channel was measured in the K~p tt^tt^E^ reaction [133]. The observed peak 
position is located near 1405 MeV in charged ttE spectra, whereas the peak in the neutral channel 
is closer to 1420 MeV. All three vrE channels were studied recently in a single experiment using 
the 7 p K^TjTi reaction [134]. Efforts in the lineshape study are ongoing at facilities such as 
JLab and J-PARC. 

One of the reactions of interest is formation of A(1670)l/2“ in the K~p —)■ pA reaction, which 
is closely related by SU(3) symmetry to A^(1535)l/2“ formation in the n~p —)■ pn reaction. The 
branching fraction of the near-threshold S-wave A(1670)l/2“ into pA is much larger than that of 
other A* states, just as the branching fraction of A^(1535)l/2” into pN is much larger than that 
of other N* states. On the other hand, the branching ratio of E(1620)l/2“ into pH is not known, 
whereas that of E(1750) 1/2“ is significant. One possible explanation is the ud diquark correlation, 
which has isospin zero in the negative-parity A while it is one for the E. The K~p —)■ pA and 
K~p —)■ pH^ reactions are analog reactions to 7r“p —pn and in all cases the p meson serves as an 
“isospin filter” that requires any intermediate resonances to have the same isospin as the final-state 
baryon. 

Cascade baryons could be intensively studied with high-momentum kaon beams and modem mul¬ 
tiparticle spectrometers. Most of our knowledge about multi-strange baryons was obtained from 
old data measured with bubble chambers. The lack of appropriate beams and detectors in the past 
greatly limited our knowledge. Currently only the cascade ground states of spin-1/2 and spin- 
3/2 are well identified. For excited states, possible production reactions with kaon beams are the 
following: 

K-p ^ a:+s*“, 

K-p K*+E*-, 

K-p 

Model-independent guidance for analyzing these processes and some theoretical results can by 
found in Refs. [60,135]. 
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There are other produetion proeesses with single or multi pions. For example: 

K~p —)■ K~^Tr~^Tr~E*~, 

K-p 

By tagging pions and/or using speeifie reaetions accompanying K*, mass measurements of the 
cascade baryons can be carried out with the missing-mass technique. Of course, it is desir¬ 
able to use a detector to identify decay products. An analysis of the decay vertex is thought 
to be very efficient for suppressing background processes. Masses, widths, and decay modes 
will be studied at J-PARC. These measurements will be complementary to planned measurements 
at CLAS12 to study S* states via several possible reactions such as yp —)■ and 

^p^ K+K+tt-{E*^) [136]. 

High-momentum kaon beams are also crucial for producing O baryons. For example, they could 
be studied in the inclusive reaction 

K-p n*-x 

by measuring decay particles. The 0“ production mechanism should be quite specific since it is the 
first baryon with constituents of which none could come from the target proton. These measure¬ 
ments will be complementary to planned measurements at CLAS12 to measure photoproduction 
on the proton target [136]. Specific plans are to make the first precise measurement of the 12“ 
differential cross section in yp —)■ and to search for 12* resonances. 


4 Meson Spectroscopy 

Although it was light hadron spectroscopy that led the way to the discovery of color degrees of 
freedom and Quantum Chromodynamics, much of the field remains poorly understood, both theo¬ 
retically and experimentally [137]. The availability of pion and kaon beams provide an important 
opportunity to improve this situation. Experimentally, meson spectroscopy can be investigated by 
using PWAs to determine quantum numbers from the angular distributions of final-state particle 
distributions. Such methods will be used to analyze data from future measurements at CLAS12. 
Pion beams with c.m. energies up to 5 GeV should be adequate for a complementary program. 
Such energies correspond to beam momenta of about 13 GeV/c. We note that meson beam experi¬ 
ments may not be ideal for the study of meson resonances; however, this approach has been taken 
at BNL and COMPASS and a closely related one is being pursued by the GlueX collaboration. We 
therefore briefly review some of the open issues in light meson spectroscopy in this section. 

The chief areas of interest in spectroscopy are light scalar mesons and multiquark states, glueballs, 
and hybrids. The last three represent new forms of matter over the familiar quark-antiquark and 
three-quark states that comprise the majority of mesons and baryons. It has long been guessed 
that such states can exist, but whether the dynamics of QCD permits them, or whether they are 
observable, remains an open and contentious issue today. Because mesons produced by /-channel 
exchange from nuclear targets access all mesonic quantum numbers these exotic states are open 
to experimental investigation. Experimental effort with meson beams will complement the GlueX 
experiment at JEab, which seeks to explore the properties of hybrids with a photon beam. 
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4.1 Multiquarks 


Speculation about multiquark states started more that 40 years ago with a claim that a dynamical 
scalar isoscalar resonance in vrvr scattering is predicted by current algebra, unitarity, and crossing 
symmetry [138]. A related idea was proposed by Jaffe, who noted that qqqq states could make up 
a scalar nonet [a, k, / o ( 980 ), ao(980)] [139]. This hypothesis has been a rich source of ideas and 
controversy ever since. Only recently, with the work of Ref. [140], has it been uniformly accepted 
that a a resonance even exists. The interpretation of these states, and the existence of the strange 
analog state, k, remain open issues [141]. In the intervening decades, the idea of multiquark states 
has been applied to a host of additional states - Oq and /o (KK) [142,143], /i (1420) (K*K) [144], 
/2(2010) (#) [145], /o(1770) (K*l^) [146], V'(4040) (D*W) [147], A:(3872) (DW) [148] - 
with many similar guesses for the current crop of “X, Y, Z” states [149]. 


4.2 Glueballs 

Conjectures on the possible existence and properties of glueballs (states comprised primarily of 
nonperturbative gluons) date from the beginnings of QCD [150-152]. Early speculation has given 
way to specific calculations in lattice gauge theory, which indicate a rich spectrum of states [153]. 
Unfortunately, these calculations are beset by statistical noise and the spectrum (see Table 1) is 
only known in the “quenched” approximation where the effects of mixing with quarks is neglected 
[154]. The phenomenology associated with this mixing remains murky, and progress must rely on 
a dramatically improved experimental situation. 


JPC 

mass (MeV) 

0 ++ 

1710(50)(80) 

2 ++ 

2390 (30)(I20) 

0 -+ 

2560 (35)(I20) 

1 +- 

2989 (30)(140) 


Table 1: (Color on-line) Lattice glueball spectrum below 3 GeV [153]. Errors are the 
continuum extrapolation plus anisotropy errors and the scale error. 

It is thus unfortunate that no glueballs have been definitively identified. A promising earlier can¬ 
didate called the ^(2200) has not withstood careful analysis. At present, the best candidate is the 
/o(1500) [or possibly the /o(1710)], which appears as a supernumerary state in the enigmatic scalar 
meson sector [155]. Further information on the experimental and theoretical status of glueballs can 
be found in Refs. [156-158]. 


4.3 Hybrids 

Hybrid mesons are postulated to be bound states that contain quarks and gluons. As with multi¬ 
quarks and glueballs, speculation on the existence and properties of these states date to the start of 
QCD [159-161]. In a fashion reminiscent of other exotic states, it is not even known what form the 
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gluonic degrees of freedom take. They ean, for example, manifest as effective constituent gluons, 
“flux tube” degrees of freedom, or something else. 

An important feature of hybrid mesons is that the extra degree of freedom provided by the va¬ 
lence glue permits quantum numbers that are not accessible to qq states. In particular, the parity 
and charge conjugation quantum numbers for fermion-antifermion systems of spin S and angular 
momentum L are and (—respectively. This implies that the quantum numbers 

0 , (odd)”'*", and (even)"^” 

are exotic. In particular, the discovery of such a “quantum number-exotic” state implies that it is a 
multiquark, glueball, or hybrid. 

Lattice gauge theory has contributed substantially to the understanding of hybrids in the past 15 
years. Early efforts obtained the spectrum of the gluonic degrees of freedom in the presence of 
static quarks [162], which assists in modelling heavy hybrids (such as bbg states). More recently, 
improved techniques permit realistic unquenched computations of the light meson spectrum. Since 
lattice gauge theory automatically incorporates all gluodynamics, some of these states are hybrid 
in nature. A summary of the results from Ref. [163] is contained in Fig. 9. Important points 
to note are that the pion mass is 391 MeV, which indicates that quark masses are too high, that 
mixing in the isoscalar states can be measured and is in agreement with phenomenology, and that 
a large spectrum of hybrid states (indicated in red) exists. The extrapolation to physical quark 
masses remains difficult, however recent quenched and unquenched lattice data point to a exotic 
hybrid mass of approximately 1650 MeV [164]. 


3000 



0 -+ 


Figure 9: (Color on-line) Lattice computation of the light meson spectrum [163]. 

Boxes outlined in red indicate states with significant gluonic content. The three 
columns to the right are quantum number-exotic and gluon-rich. This plot is repro¬ 
duced with permission of the authors. 

Unlike glueballs, there is extensive experimental evidence for light hybrid mesons. Unfortunately, 
as we shall see, this evidence is controversial and the status of hybrids as a viable manifestation of 
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QCD dynamics remains open. The most studied resonanee is ealled the 7ri(1400) - the notation 
implies that the state is an isovector resonance. As ean be seen in Table 2, it has been sighted 
by several experiments, albeit with widely varying mass and width [164]. A generic problem in all 
the experimental analyses is that poorly understood angular aeeeptanee ean lead to feed down from 
well-known resonances that populates exotie ehannels. In addition, meson-meson interaetions and 
eoupled ehannel effeets ean mimie resonanee behavior in exotie ehannels sueh as n^r] in P-wave. 
This possibility was examined in Ref. [165], where it was elaimed that the tti (1400) signal vanishes 
under reasonable modelling assumptions. 


Mode 

Mass (GeV) 

Width (GeV) 

Experiment 

7]TT~ 

1.405 ±0.020 

0.18 ±0.02 

GAMS 

rj7i~ 

1.343 ± 0.0046 

0.1432 ±0.0125 

KEK 

rj'K~ 

1.37 ±0.016 

0.385 ± 0.040 

E852 


1.257 ±0.020 

0.354 ±0.064 

E852 

rjTT 

1.40 ±0.020 

0.310 ±0.050 

CBAR 

rjTT^ 

1.36 ±0.025 

0.220 ±0.090 

CBAR 

p7i 

1.384 ±0.028 

0.378 ±0.058 

Obelix 

p7l 

~ 1.4 

~ 0.4 

CBAR 

rjTT 

1.351 ±0.030 

0.313 ±0.040 

RPP 


Table 2: Reported masses and widths of the 7ri(1400). Table data from Ref. [164]. 

A similar story has played out with the I”’*' 7ri(1600) state. Although, this resonanee lies eloser to 
model and lattiee expeetations, and has been seen by the VES, E852, and COMPASS Collabora¬ 
tions [164], an analysis with a large dataset has not found evidenee for the state [166]. Countering 
this is a reeent result from COMPASS that elaims a 1“''' exotie state deeaying into vrp at 1660 MeV 
with a width of 269 MeV [167]. 

Einally, a heavier exotie candidate, the 7ri(2015), deeaying to /ivr and biir, has been reported by 
E852 [164]. 

Despite this murky experimental situation, confidenee in the existence of hybrid mesons remains 
high. The eoupling of these states to their produetion and deeay ehannels is elearly important to 
their eventual diseovery. Although naseent lattiee eomputations on hybrid deeay have been made, 
this important phenomenology eurrently relies on models. The predietions of two models are 
presented in Table 3. One sees typieal hadronie widths for the majority of the states. An important 
feature of many of the deeay modes is that they proeeed via a eombination of S-wave and P-wave 
states. This implies that multiple pions typieally appear in the final state, which in turn means that 
hermetie deteetors are important. 


4.4 Physics Opportunities 

In spite of previous work at hadron faeilities such as Brookhaven National Eaboratory and IHEP at 
Protvino, and current work at COMPASS at CERN and J-PARC at KEK, much remains to be done 


22 








Name Total Width (MeV) Large Deeay Modes 

PSS IKP 


TTl 

1-+ 

81 - 

168 

117 

hiTl, pTT, fiTT, aip. 






r]{1295)7i, K^K, K^K 

Vl 

1-+ 

59- 

158 

107 

oiTT, fiT], 7r(1300)7r, 






K^K, K^K 

T][ 

1-+ 

95- 

216 

172 

K^K, K^K, K*K 

bo 

0+- 

247- 

-429 

665 

7r(1300)7r, /iivr 

Hq 

0+- 

59- 

262 

94 

feiTT, hiT], iT(1460)iT 

K 

0+- 

259 - 

-490 

426 

K{lAm)K, KfK, hip 

b2 

2+- 

5- 

11 

248 

02TT, OiTT, hiTl 

h2 

2+- 

4- 

12 

166 

hiTl, pTT 

K 

2+- 

5- 

18 

79 

K^K, K^K, K*K, hip 

Table 3: Exotic quantum number hybrid widths. The column labelled PSS lists pre¬ 
dictions from the vector flux tube decay model of Ref. [168], while IKP denotes pre¬ 
dictions from the Isgur-Kokoski-Paton model as computed in [168]. represents 


the it'i(1270) while represents the it'i(1400). 


in light-meson spectroseopy. Indeed, the previous discussion illustrates that substantial effort is 
required before even a partial understanding of multiquarks, hybrids, or glueballs can be claimed. 

The first step in establishing such an understanding must be filling out the regular qq meson spec¬ 
trum. It is highly deplorable that dozens of low-lying states still remain undiscovered [169]. Some 
of these states, and a collection of other states of interest are listed in Table 4. This table lists 
states according to the nominal energy required to produce them. Higher beam energies may be 
required to permit effective kinematic separation of mesonic and baryonic resonances. Of course, 
this is only a representative sample. For example, if a tti hybrid meson is discovered, one expects 
light and ss isoscalar mesons 100 and 300 MeV higher in mass. There should also be nearby O”"'', 
1 , O’*"”, and multiplets. Thus an entire spectrum of novel states awaits discovery. Similarly, 

glueball states must be embedded in the spectrum somewhere, and if quenched lattice gauge theory 
computations are a reliable guide to the physical spectrum, then several glueballs should be within 
reach of a 6 GeV beamline. 

Of course, hunting for resonances is only the first (very important) step. Measuring the production 
and decay properties of a resonance, along with its EM couplings, provides vital information on 
the strongly interacting regime of QCD. It is only through efforts like this that progress toward 
understanding a crucial part of the Standard Model can be achieved. 
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(GeV) 

meson 

eomment 

3 

ct(500) 

ehiral multiquark state? 


k(800) 

ehiral multiquark strange partner 


ao//o(980) 

tetraquark/ KK moleeule 


7r(1300) 

three-body resonanee? 


/o(1370) 

superfluous state? 


r/(1405) 

superfluous state? 


7ri(1400) 

possible hybrid state 


/o(1500) 

glueball eandidate 


7ri(1600) 

hybrid eandidate 

4 

a;2(1650) 

missing state 


P2(1650) 

missing state 


7ri(1650) 

predieted I””*" hybrid 


/o(1720) 

predieted 0+’'' glueball? 


7r(1800) 

radial pion/ superfluous? 


0(1800) 

missing state 


7ri(1850) 

(alt) predieted I”'*' hybrid 


A* (1850) 

missing state 


7ri(1900) 

possible hybrid eandidate 


02(1900) 

missing state 

6 

P3(2200) 

missing state 


/2(2300)//2(2340) 

superfluous states? 


P5(2350) 

missing state 


A5*(2380) 

missing state 


/o(2400) 

predieted radial O^^ glueball 


02(2400) 

predieted 2++ glueball 


06(2450) 

missing state 


Table 4: Pion beamline energy required to create various meson states of interest. 


5 Chiral Dynamics 

5.1 Chiral Perturbation Theory and Low-Energy Pion-Nucleon Dynamics 

Chiral perturbation theory (ChPT) allows for the model-independent extraetion of the amplitude 
elose to the vriV threshold. Through the separation of energy seales the long-range dynamies ean be 
taken explieitly into aeeount while short-range dynamies is absorbed in eounter-terms parametrized 
with unknown low-energy eonstants (LECs) [170,171], whieh allow for an order-by-order renor¬ 
malization of the ehiral expansion. At a given ehiral order, the LECs parametrize the different 
struetures of the interaetion Lagrangian that are eompatible with ehiral symmetry [172]. As these 
eonstants are well defined within a given renormalization seheme, they ean be used in reaetions 
other than elastie nN seattering, e.g., nN —)■ titiN [173,174]. This allows for model-independent 
predietions that have eontributed to the sueeess of ChPT. 
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The precise knowledge of the LECs lies at the heart of ChPT. Their values are determined through 
fits to elastic tiN partial-wave amplitudes, as pioneered by Fettes and MeiBner [175] up to fourth 
order [176], including the A-isobar explicit degree of freedom [177] and isospin breaking up to 
third order [178]. See also the fundamental analysis of Becher and Leutwyler [179] for the analysis 
of low-energy pion scattering. It should be noted that the considered isospin breaking effects lead to 
genuinely new interactions beyond mass differences and Coulomb corrections that are incorporated 
in many phenomenological analyses. In any case, the extraction of the LECs is only as good as 
the determination of partial-wave amplitudes, which in turn depend on the quality of the data. 
Although the GWU/SAID analysis includes the world database and applies Coulomb corrections, 
the experimental situation is still not satisfactory. New precision measurements close to the tiN 
threshold that cover a wide angular range and allow for an energy scan are needed. 

At the precision frontier of low-energy chiral dynamics, it is necessary to have consistent data. 
Single-energy solutions usually represent the \-a confidence interval for a given partial wave [11]. 
Uncertainties in LECs are often determined from fits to these partial waves. However, for a statis¬ 
tically meaningful error propagation from data to LECs, the correlation between different partial 
waves must be known to allow for correlated fits. The determination of the corresponding 
covariance matrices requires high-precision data. One of the problems is the difficult-to-control 
systematic uncertainty that may even vary within the same experiment as seen previously. Addi¬ 
tionally, the database consists of data sets from many different experiments, several of them with 
individual normalization issues. Such unknowns induce systematic problems in the statistical anal¬ 
ysis. A new measurement with maximal angular coverage and energy resolution will remove the 
systematic bias and allow for a statistically sound determination of uncertainties and correlations 
of LECs, thus advancing the low-energy chiral dynamics and better quantifying the uncertainty in 
ChPT predictions. Work in this direction is already being carried out: LECs up to fourth order 
have been determined directly from data recently [180]. 

Low-energy pion-nucleon scattering data are also critical input for precision studies of disper¬ 
sive pion-nucleon dynamics. A fundamental quantity is the pion-nucleon a term that measures 
the explicit chiral symmetry breaking in the nucleon mass and that requires the evaluation of the 
amplitude in the unphysical region. Extrapolations of this kind are particularly sensitive to the 
available scattering data, usually in combination with measurements of pionic deuterium and its 
analysis [181-183]. Imposing crossing symmetry, unitarity, and analyticity via Roy-Steiner equa¬ 
tions, better determinations of tiN amplitudes and the tiN a-term are of high theoretical interest 
and currently being developed [184,185]. 

As for the reaction nN —)■ ttttA, the database is discussed in Sec. 2.2. This reaction has been 
studied in ChPT for many years, see, e.g.. Refs. [173,174]. Compared to elastic pion-nucleon 
scattering that depends on one kinematic variable at a given energy (scattering angle), the three- 
body final state depends on four (we neglect here initial polarizations). They can be parametrized 
in terms of one invariant mass, one scattering angle with the spectator, and two decay angles of 
the particles forming the invariant mass. This implies that experimental information with high 
statistics and angular coverage is required for determination of the amplitude. Indeed, as shown 
in Ref. [174], there is substantial information on total cross sections to which the Heavy Baryon 
ChPT and manifestly covariant ChPT can be compared, but little information on double and higher 
differential cross sections. The amplitude is, of course, particularly sensitive to the latter. Improved 
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data, preferably in the form of events, is neeessary to determine the LECs, in partieular, those that 
are tied to this reaetion such as Indeed, the LECs from elastic vriV scattering are used in 

Ref. [174] to predict the vriV — titiN data. More precise experimental information is crucial to 
constrain parameters further and to allow for combined analyses of elastic tiN and titiN production 
in the future. 


5.2 Unitarized Chiral Perturbation Theory 

Beyond the perturbative regime, the convergence of ChPT becomes slow until the occurrence of 
resonance poles in the complex plane prohibits the perturbative expansion at all. The A resonance 
has been explicitly included in the perturbative expansion [173,174], including the nucleon-A mass 
splitting as an additional small scale. Eor heavier resonances this is no longer possible. However, 
resummed schemes can be constructed that can be matched to ChPT order-by-order. Exact unitarity 
can be implemented but not crossing symmetry. Resonance poles appear in Unitarized Chiral 
Perturbation Theory (UChPT) through the summation of interaction kernels to all orders in a Bethe- 
Salpeter equation. The full four-dimensional Bethe-Salpeter equation with interactions at the one- 
loop level is not yet tractable. However, solutions using the NLO contact terms and the gauge- 
invariant photon interaction were derived some time ago [67]. 

One of the main interests in studying the meson-baryon system in UChPT is the predicted SU(3) 
flavor structure of resonances. At lowest order, the hadronic and EM properties of dynami¬ 
cally generated resonances are full predictions, while higher orders in the chiral expansion gen¬ 
erate LECs that have to be fitted to data. Pioneering UChPT predictions for the structure of the 
A(1535)l/2“ and the A(1405)l/2“ [129,186-190] have generated an entire field of theoretical 
activity predicting and analyzing the baryon spectrum [191-209]. It is common to most UChPT 
approaches to formulate the amplitudes in coupled channels to study the SU(3) flavor structure 
of excited baryons. In many cases resonances are generated in the vicinity of thresholds such 
that the state is bound with respect to heavier channels but resonant to lighter channels. Such a 
quasi-bound state is, for example, the A(1535)l/2“ that is above the nN and riN threshold but 
below the KY thresholds. A strong attraction in these heavier channels, predicted from the chiral 
Lagrangian, leads to the formation of the state. The chiral amplitude has also direct consequences 
for the OZI prohibited 0 production [111] and EM properties [210]. The second Sll resonance, 
A(1650)l/2“, has also been explained in terms of chiral dynamics [207,211,212]. 

As the UChPT amplitude extends to energies above the heavier thresholds, it can be directly tested 
with data. It is thus of importance to measure the tiN KA and ttN —)■ iCS transitions ac¬ 

curately. More specifically, the UChPT prediction concerns predominantly the S'-wave for these 
reactions. It is, in principle, possible to describe P-waves with unitarized chiral interactions [209]. 
However, for P-waves, new chiral operators enter which increase the available degrees of freedom 
without further constraining the chiral dynamics of the S-wave. 

Thus, to test and refine UChPT calculations, the S-wave of the amplitude needs to be isolated, 
which requires PWA. The reactions irN —)■ rjN, ttN —)■ KA and ttN —)■ iCS have been analyzed 
by many groups [45,47-49,55,71,80,213-215] but in several cases no consensus of the S-wave 
strength has been reached, because the data are far from being sufficiently good for this purpose. 
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To demonstrate the importanee of data input for ehiral unitary ealeulations, one has to mention the 
eonneetion to QCD simulations on a lattiee (of. See. 5.4). These simulations employ unphysioal 
quark masses and, thus, a ehiral extrapolation to the physioal world is required. Unitarized ChPT 
provides a reliable means to provide suoh an extrapolation in the seoond and third resonanoe region. 


5.3 Strangeness in UChPT 

A very similar oall for improved hadronio measurements oan be made for the strangeness S = 
— 1 seetor. Here, the A(1405)l/2“ appears as a state generated from the KN and ttS ohannels. 
The ehannel dynamies is more oomplex and has led to the predietion of a two-pole nature of the 
A(1405)l/2“ [130,189]. This hypothesis is eurrently debated and tested in various experiments. 

To demonstrate the dependenee of the aetual pole positions of the two A(1405)l/2~ on data, we 
just quote the reeent result of Ref. [216] in whieh non-eanonieal pole positions have been obtained 
and yet the available total eross-seetion data have been deseribed. In Ref. [217] it has been shown 
that the quality of the hadronie data does not allow for a preeise determination of the pole positions. 
In Refs. [218,219] the impaet of the new photoproduetion data on the A(1405) lineshape [134] has 
been quantified. (See also Refs. [220-222] for an update on the kaon-deuteron seattering length.) 

The UChPT approaeh is not only able to deseribe the bulk features of the kaon-indueed KN 
and ttS data. Also, within the same approaeh the A(1670)l/2“ is dynamieally generated. That 
resonanee appears as a quasi-bound KE state [223,224]. A measurement of the KE final state is 
ealled for, in partieular, when eonsidering the poor data situation [225]. 

In summary, in UChPT approaehes, the iC-indueed final states vrS, KN, rjA, and KE are important 
in the sense that their S-wave eontribution needs to be isolated to allow direet tests of the UChPT 
hypotheses. It is imperative to have improved measurements of these final states. 

As an example of how eurrent PWAs disagree on the near-threshold S-wave eomponents, we show 
in Fig. 10 the reeent result of S-wave extraetion from the ANL/Osaka group [123] eompared to the 
single-energy solution of the Kent State group [81]. 

As stated in the analysis of Ref. [123], the data situation elearly does not allow to further pin 
down the partial-wave eontent. Like for the ttN ease, measured data are old; a elear ease oan be 
made to remeasure the 7f-induoed reaetions to provide more preeise input to literally hundreds of 
theoretieal studies on the KN interaotion. Polarized measurements are of speeial relevanee to this 
end. 

So far, we have diseussed the hadronio properties of the A^(1535)l/2“ and the A(1405)l/2“ in 
the eontext of ehiral dynamies. While these resonanoes may be the most prominent examples of 
dynamieal generation in the meson-baryon seetor, muoh more theoretieal effort has been dedioated 
to exoited baryons. For example, the interaotion of pseudosoalar mesons with the baryon deou- 
plet leads to the predietion of several baryonio states, some of whieh were identified with known 
resonanoes [226,227]. In partieular, the EM properties were evaluated and found to be in good 
agreement with experimental measurements of the ir^rip final state [197,204,228]. For further in¬ 
vestigation, the experimental study of pion-induoed two-meson produotion is oruoial [198] and also 
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Figure 10: (Color on-line) Real part of the KN KN amplitude in the 
isospin ehannel of the A(1405)l/2~ (J = 0). The graph is taken from 
Ref. [123] and shows two solutions of the ANL/Osaka group eompared to the 
single-energy solution of the Kent State group [81]. The near-threshold S'-wave 
amplitude S'oi is crucial for UChPT calculations. 

of relevance for three-body models of resonance generation [229,230]. Similarly, the interaction of 
vector mesons with baryons has lead to the prediction of excited states [201], with a dynamically 
generated / = 1/2 = 3/2“ resonance (first predicted in Ref. [231]). Such interactions lead 

necessarily to strong contributions in the TrvriV channel. 

In summary, unitary ChPT leads to the prediction of several baryonic states. Some of them have 
not yet been found, and others await experimental confirmation through improved measurement 
of pion-induced reactions. While EM properties have been evaluated with great success, it is 
ultimately the precise knowledge of the pion- and kaon-induced family of reactions that can clearly 
rule out or confirm UChPT predictions. 


5.4 Lattice QCD 

Lattice QCD simulations for excited baryons are considerably more complicated than for excited 
mesons due to signal-to-noise and combinatorial problems of contractions of three quarks instead 
of two. The first true extraction of pion-nucleon phase shifts in the = 1/2“ sector was achieved 
by the Graz group [36]. For the baryon problem in the bound-state case, see results from the 
Hadron Spectrum and BGR Collaborations [37,38]. 

Chiral extrapolation for the = 1/2“ sector was made in Ref. [232] for two typical lattice setups. 
In particular, it was shown that unphysical quark masses lead to a re-ordering of thresholds. Thus, 
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the excited baryon spectrum is much more difficult to disentangle; hidden poles of the amplitude 
appear in the unphysical regime, qualitatively changing the spectrum of excited states. 

The chiral extrapolation to physical quark masses is also problematic in other cases. For example, 
the unquenched lattice QCD spectrum shows eigenvalues close to the physical point that are 300 
or 400 MeV too high compared to the iV(1440)l/2’'‘ Roper resonance position [37,233]. This is 
the so-called Roper puzzle. More precise experimental input is required to improve identification 
of lattice eigenvalues with physical states, especially from pion-induced reactions. 


6 Current Hadronic Projects 

Past measurements involving pion and kaon scattering measurements were made at a variety of 
laboratories, mainly in the 1970s and 1980s when experimental techniques were far inferior to 
the standards of today. In the United States, pion beams in the momentum range 190 MeV/c 
to 730 MeV/c were available at the “meson factory” LAMPF in Los Alamos. This means that 
the maximum c.m. energy for baryon spectroscopy measurements at LAMPF was only W ~ 
1500 MeV. LAMPF was a linear accelerator for 1000 juA of protons at 800 MeV. The meson 
factory SIN (now PSI) near Zurich was a sector-focused cyclotron capable of 100 juA of protons 
at 600 MeV, and the meson factory TRIUMF in Vancouver was a sector-focused cyclotron for 
negative hydrogen ions up to 100 juA at 500 MeV [234]. Most of the data available today for 
7r~p —)■ tittN were collected with a bubble chamber at the Saturne accelerator in Saclay during the 
early 1970s, while most of the world’s previous data for Tr~p — K^A and several other reactions 
were collected using optical spark chambers during the late 1970s at the 7-GeV proton accelerator 
NIMROD in the UK. Most of the previous measurements for Ti~p —)■ e^e~n were performed in 
Dubna, but the statistical uncertainties are so large that a high-quality analysis cannot be performed. 
The flux of kaon beams is typically a factor of 500 or more less than that of pion beams. By today’s 
standards, these accelerators had low beam intensities and, of course, detector technologies have 
advanced greatly since that time. 

It is important to recognize that current and forthcoming hadronic projects are largely comple¬ 
mentary to the proposed hadron beam facility. We summarize the status of the J-PARC, HADES, 
COMPASS, and PANDA efforts here. 

J-PARC provides separated secondary beam lines up to 2 GeV/c. The primary beam intensity is 
currently 25 kW, and will be increased to 100 kW in three years. This corresponds to 10® ppp 
(protons per pulse) for pion beam intensity and to ~ 10® ppp for kaon beam intensity. The 76/vr 
ratio is expected to be close to 10, which is realized with double-stage electrostatic separators. 
There are plans to collect data for —)■ vr^p, tiN —)■ tttiN, and nN KY in 2016 or later at 

the 30-GeV proton synchrotron [235]. The delay will depend on the resolution of the accident that 
occurred in the summer of 2013 [236]. Recovery work at the Hadron Facility is continuing with an 
aim to start experimental programs soon, especially using intense kaon beams. In early 2015, the 
spectral information of A(1405) in three different charge decay modes will be minutely inspected 
in the Kd —?■ A(1405)n reaction. Also multi-hadron states such as the H dibaryon and kaonic 
nuclei will be studied in {K~, Tf®") and ^He(76“, n) reactions, respectively. In the spring of 2016, 
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a high-momentum beam line will be newly construeted. It is designed as a primary beam line and 
also unseparated seeondary beam line up to 20 GeV/c. There are plans to study meson production 
in 7r~p reactions leading to rjn, rj'n, p^n, ojn, and (j)n final states using the higher momentum pion 
beams. In addition, charmed baryons will be studied systematically in the tt~p —)■ D*Al reaction 
and cascade baryons will be studied using tagged kaons in the K~p —)■ reaction. As 

a future project, an extension of the Hadron Facility is now being intensively discussed. A key 
feature will be a separated kaon beam line up to 10 GeV/c, which will be realized with RF-type 
separators. One of the main programs will be a systematic study of O baryons. 

HADES at GSI collected unpolarized data for 7r~p —)■ n~p, n~^n~n, tt^tt~p, 7r°7r°n, e~^e~n in 
August and September of 2014. Data taking is planned to continue from 2017 on when SIS 18 
will be available again. The addition of a calorimeter is being considered to access better the pn 
final state. EPECUR at ITEP collected unpolarized differential cross-section data for n^p —)■ 
back to 2009-2011. There is no chance to continue this program due to the accident with the ITEP 
10-GeV proton synchrotron [237]. 

The COMPASS experiment at the CERN SPS is focused on the study of hadronic structure and 
spectroscopy. The primary tools are a high intensity muon beam and a 190 GeV pion beam. Cur¬ 
rently, hadron structure is being probed by Drell-Yan measurements with transversely polarized 
protons. Measurements of generalized parton distributions and semi-inclusive deep inelastic scat¬ 
tering will start in 2015 and run through 2017 [238]. 

The PANDA experiment will be one of the key projects at the Eacility for Antiproton and Ion Re¬ 
search (PAIR) currently under construction at GSI. PANDA is focused on studies of hadron struc¬ 
ture, strange baryon spectroscopy, and hadron interactions. Antiprotons produced by a primary 
proton beam will be filled into the High Energy Storage Ring (HESR), where they will undergo 
collisions with the fixed target inside the PANDA detector. There is special interest in investigating 
the time-like form factor of the proton, searches for glueballs, hybrids, molecules, and tetraquarks, 
and investigations of in-medium effects. The HESR with PANDA and Electron Cooler will allow 
the storage of 10^° -10^^ antiprotons with momentum resolution dp/p < 4 x 10“®. The momentum 
range for antiprotons will cover 1.5 to 15 GeV/c and the electron range will be up to 9 GeV/c. 


7 What is Needed for Hadron-Induced Reactions 


The current run plans at these facilities will greatly improve the data base; however, there are no 
plans for polarized measurements. As mentioned previously, what is truly needed is a dedicated 
state-of-the-art facility with secondary pion and kaon beams. Such a facility would need a large- 
acceptance detector and the availability of a polarized target. The creation of a hadron physics 
complex at the proposed JLab EIC would be a very efficient use of the expertise and infrastructure 
such a facility could provide. In particular, such a dedicated facility should be able to provide 
the features listed in the following, together with a short summary of key arguments made in this 
White Paper: 


• A polarized target. As argued, the simultaneous measurement of the spin-rotation parameters 
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A and i? on a polarized target, together with the eross seetion and the reeoil polarization P 
obtained from a eonventional, unpolarized target, provides eomplete information about the 
amplitudes (whieh also removes any sign ambiguity from the eonstraining relation + 

= 1 ). 

• Near-to-eomplete angular eoverage for analyses to deliver reliable partial waves. Possibility 
of energy sean through the resonanee regions from vriV threshold up to PP ~ 2.5 GeV. 

• Deteetion of the final-state tiN : A eomplete experiment is within surprisingly elose reaeh if 
a polarized target is available. Elastie vriV seattering already has the most extensive database 
of all pion-indueed reaetions. More preeise low-energy data on vriV —)■ vriV are required for 
ehiral perturbation theory. 

• Deteetion of the final-state rj: Crueial for the eoupled-ehannel approaeh. The data are of 
very inferior quality beyond the iV(1535)l/2“, preeisely in the region of the mueh debated 
strueture in rj photoproduetion on the neutron. New data ean provide “smoking gun” evi- 
denee for its nature and quantum numbers. Also, the riN ehannel needs to be understood for 
the eontrol of inelastieities in partial-wave analyses. In photoproduetion, the rjp ehannel is 
one of the prime eandidates for a eomplete experiment, and so eould be the isospin-seleetive 
reaetion Ti~p —)■ pn. 

• Deteetion of the final-state KA: Through the self-analyzing nature of the A, reeoil polariza¬ 
tion measurements are easy to aehieve. In eombination with a polarized target, one would 
have a data set that puts very tight eonstraints on partial-wave analyses, whieh eould eonfirm 
resonanees seen in pp —)■ K^A through an independent reaetion. 

• Deteetion of the final-state iTS: The data situation is rather poor, whieh does not allow for 
a reliable partial-wave analysis. Sueh partial waves are urgently needed to test the nature of 
some resonanees elaimed to be hadronie moleeules. 

• Deteetion of final-state irirN ehannels: Crueial for the eoupled-ehannel approaeh, in par- 
tieular in the eontext of hybrid baryons [235]. The available data are extremely sparse and 
preeise new data for 7r+7r“n, Ti^Ti^p, and vr+Tr+n measured with polarized and unpolarized 
targets are eritieally needed to determine ttA, pN, and other eouplings in eombination with 
photoproduetion data. 

• Deteetion of final-state e~^e~n ehannel: Inverse pion eleetroproduetion measurements will 
signifieantly eomplement eleetroproduetion 7 *A —)■ ttN studies for the evolution of baryon 
properties with inereasing momentum transfer by investigation of the ease for the time-like 
virtual photon. 


These speeifieations are rather qualitative at this point. It will require both experimental and theo- 
retieal simulations to proeeed further and formulate quantitative requirements. This task is beyond 
the seope of this White Paper. 
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8 Summary 


The goals of current EM facilities would benefit greatly from having hadron-beam data of a quality 
similar to that of electromagnetic data. To this end, it is commonly recognized that a vigorous U.S. 
program in hadronic physics requires a modem facility with pion and kaon beams. A pion beam 
and a facility in which -kN elastic scattering and the reactions 'K~p —?■ JT°A, 7r“p —)■ 7r“p —)■ 

and vr+p —)■ JT+S+ can be measured in a complete experiment with high precision would 
be very useful. Full solid angle coverage is required to study inelastic reactions such as 7i~p —?■ 
pn, TT+p —)■ 7r°7r+p, or strangeness production (among many other reactions). Such a facility 
ideally should be able to allow baryon spectroscopy measurements up to center-of-mass energies 
W of about 2.5 GeV, which would require pion beams with momenta up to about 2.85 GeV/c. 
The 2 GeV/c pion beam at J-PARC will allow baryon spectroscopy measurements up to kE ~ 
2150 MeV. 

In this White Paper, we have outlined some of the physics programs that could be advanced with 
a hadron-beam facility. These include studies of baryon spectroscopy, particularly the search for 
“missing resonances” with hadronic beam data that would be analyzed together with photo- and 
electroproduction data using modem coupled-channel analysis methods. A hadron beam facility 
would also advance hyperon spectroscopy and the study of strangeness in nuclear and hadronic 
physics. 

Furthermore, searches for highly anticipated, but never unambiguously observed, exotic states such 
as multiquarks, glueballs, and hybrids, would be greatly enhanced by the availability of a hadron 
beam facility. Simply observing many of the missing low-lying meson states would also assist in 
constructing new models of the emergent properties of QCD, thereby improving our understand¬ 
ing of this strongly coupled quantum field theory. Improved low-energy ttN and KN scattering 
data are also critically needed to provide input for model-independent chiral perturbation theory 
analyses. In particular, precise data will allow for a statistically sound determination of low energy 
constants and their uncertainties. 

An electron-pion collider would open exciting new opportunities to measure the pion’s EM form 
factor directly, while a pion beam alone would allow detailed studies of inverse pion electropro¬ 
duction, which is the only process that allows the determination of EM nucleon and pion form 
factors in the case of time-like virtual photons. 

Finally, a state-of-the-art hadron beam facility could be used to investigate a much wider range 
of physics than baryon and meson spectroscopy alone. For example, it could be used for studies 
of pion diffractive dissociation to two jets (tt -f A —)■ 2 jets +X), pion double-charge exchange 
(A(7r+, 7r“)) at high energies, hypemuclear spectroscopy, inelastic scattering of mesons on nuclei 
to study in-medium effects, neutrino physics using neutrinos from the decays of pions and kaons, 
physics with muons produced from the decays of pions and kaons (e.g., for studies of lepton 
number violation using /i+ —)■ e ’''7 or + e~ ^ + e'^), physics with and beams, 

meson-A interactions of mesons with nuclei outside of the valley of stability, and dibaryons. 

We include at the end of this White Paper a list of endorsers who have expressed support for the 
initiative described herein. 
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